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suppressors controlling cell death commitment
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The three mammalian receptors UNC5H1, UNC5H2, and UNC5H3
(also named UNC5A, UNC5B, and UNC5C in human) that belong to
the family of the netrin-1 receptors, UNC5H, were initially pro-
posed as mediators of the chemorepulsive effect of netrin-1 on
specific axons. However, they were also recently shown to act as
dependence receptors. Such receptors induce apoptosis when
unbound to their ligand. We show here that the expression of the
human UNC5A, UNC5B, or UNC5C is down-regulated in multiple
cancers including colorectal, breast, ovary, uterus, stomach, lung,
or kidney cancers. In colorectal tumors, this down-regulation is
associated with loss of heterozygosity occurring within UNC5A,
UNC5B, and UNC5C genes but may also be partially related to
epigenetic processes because histone deacetylase inhibitor in-
creased UNC5C expression in various cancer cell lines. Moreover,
sequencing of UNC5C gene in patients with colorectal tumors
revealed the presence of missense mutations. The loss/reduction
of expression may be a crucial mechanism for tumorigenicity
because the expression of UNC5H1, UNC5H2, or UNC5H3 inhibits
tumor cell anchorage-independent growth and invasion. More-
over, these hallmarks of malignant transformation can be restored
by netrin-1 addition or apoptosis inhibition. Hence, UNC5H1,
UNC5H2, and UNC5H3 receptors may represent tumor suppressors
that inhibit tumor extension outside the region of netrin-1 avail-
ability by inducing apoptosis.

Tessier-LaVigne and his colleagues (1-3) discovered netrin-1
as a chemotropic molecule that mediates axon outgrowth and
orientation or neuronal migration during nervous system devel-
opment. DCC (Deleted in Colorectal Cancer), one of the
netrin-1 receptors was, however, not only proposed as a mediator
for axon guidance (4, 5) but was originally described as a tumor
suppressor whose expression is lost or reduced in a wide variety
of cancers (ref. 6; for a review, see ref. 7). Thus, DCC expression
appears to represent a negative constraint for tumor expansion.
Even though DCC heterozygote knockout mice have not shown
an increased number of tumors (5), and although very few
mutations of DCC have been detected in cancers (8), it is still a
matter of debate whether DCC is a tumor suppressor or not (9,
10). One piece of evidence supporting its tumor suppressor
function is the fact that DCC is a dependence receptor (11, 12).
Such receptors create cellular states of dependence on their
respective ligands by inducing apoptosis in settings in which the
ligand is unavailable (13, 14). We and others have then demon-
strated that, if in the presence of netrin-1, DCC mediates a
“positive signal” of axon outgrowth (3, 4), in the absence of
ligand, DCC induces apoptosis through a mechanism involving
caspase cleavage of its intracellular domain (11, 12, 15, 16).
The ability of unbound DCC to promote cell death raised the
possibility that DCC may act as a tumor suppressor of metastasis
and locally invasive growth that would exceed ligand availability
(11). Indeed, the pair DCC/ligand (netrin-1 or another known or
unknown ligand) may regulate tumor growth outside the region of
netrin-1 availability by controlling cell survival/death balance (ref.
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11, L.M., C. Bidaud-Bonot, J.-Y.S., and P.M., unpublished work).
Interestingly, netrin-1 is a ligand for other receptors that belong to
the dependence receptor family (17). Thus, the netrin-1 receptors
UNCS5H1, UNC5H2, and UNC5H3 that are type 1 transmembrane
receptors probably mediate the chemorepulsive activity of netrin-1
(18, 19) but also drive cell death induction in the absence of netrin-1,
the latter proapoptotic activity depending on the caspase cleavage
of these receptors and the conserved “death domain” located in the
C terminus of their intracellular domains (17, 20). Rodent
UNC5H1, UNC5H2, and UNC5H3 were first named by sequence
homology to the Caenorhabditis elegans UNC5 that was shown to
display a clear role in axon guidance through a genetic link with
UNCG, the ortholog of netrin-1 (21). Rodent UNC5H1, UNC5H2,
and UNCSH3 were then demonstrated to be receptors for netrin-1
(18). Human counterparts were determined by sequence homology
and were named UNC5A, UNC5B, and UNC5C. The strong con-
servation between respectively UNC5HI and UNC5A, UNC5H2
and UNC5B, and UNC5H3 and UNC5C suggested that the respec-
tive rodent UNC5H1, UNC5H2, or UNC5H3 is the ortholog of
human UNC5A4, UNC5B, or UNCS5C (i.e., because of this very
complex nomenclature, we will name here UNCSH when
UNCS5H1, UNC5H2, and UNC5H3, or UNC5A, UNCSB, and
UNCSC are both concerned).

Whereas UNCSH receptors are highly expressed in specific
neurons during the development of the nervous system in adult,
UNCS5H expression is not restricted to the nervous system but
can be detected, even though at a lower level, in thyroid, kidney,
ovary, uterus, stomach, colon, lung, spleen, bladder, and breast
tissues (ref. 22; not shown; and Figs. 14-3), suggesting a role for
these receptors out of the neuronal guidance system. Interest-
ingly, one of the UNC5H genes, UNC5H2 /B, was recently shown
to be a direct transcriptional target for the tumor suppressor p53
and to mediate p53 proapoptotic activity (20). We then sought
to determine whether UNCS5H receptors may, similarly to DCC,
act as tumor suppressors. We present here evidence that UNC5SH
expression is strongly reduced in the vast majority of the tested
tumors, such reduction being associated with loss of heterozy-
gosity (LOH) occurring within UNC5H loci. Mutations in the
UNC5H3/C gene were also observed in patients with colorectal
tumors. Moreover, an in vitro study supports the idea that
UNCS5H receptors are negative regulators of cell transformation.

Methods

Cells, Transfection Procedures, and Plasmid Constructs. Transient
transfections of 293T or NIH 3T3 were performed as described
(2, 11). Similarly, MCF7, LS174T or U373MG cells were trans-
fected by using a Fugene 6 transfection reagent (Roche Molec-
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Abbreviations: DCC, Deleted in Colorectal Cancer; LOH, loss of heterozygosity; 5aza2dC,
5-aza-2'-deoxycytidine.
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Colon 92 49 18
Rectum 94 80 65
Thyroid 17 17 0
Lung 74 47 32
Kidney 81 69 25

Fig. 1. UNC5H gene expression is down-regulated in tumors. (A) UNC5H
expression analysis on a dot blot membrane containing cDNAs from 241
tumors (T) or their corresponding normal tissues (N). Complete rat UNC5H2
cDNA was used to probe the membrane. This probe hybridizes UNC5A, UNC5B,
and UNC5C cDNA. As a control for loading, the same membrane was hybrid-
ized with the ubiquitin probe (data shown in Fig. 8, which is published as
supporting information on the PNAS web site). (B) Quantitative analysis of A.
The dot blot was quantified by using National Institutes of Health IMAGE
software. The percentage of patients showing a loss of UNC5H expression in
tumors >2-, 5-, or 10-fold compared with control tissues is indicated.

ular Biochemicals). For each cell line, the percentage of trans-
fected cells was determined by measuring after 48 h the number
of fluorescent cells in a cell population transfected with a
GFP-expressing construct. Rodent UNC5SH1-UNC5H2-
UNCSH3-expressing constructs have been described (17). Ras-
expressing construct was obtained from M. Castellazzi (Institut
National de la Santé et de la Recherche Médicale, Lyon, France).
pcDNA-p53 and pcDNA-MDM2 were obtained from A. Pui-
sieux (Centre Leon Berard, Lyon, France). UNC5A-B-C probes
were obtained by PCR amplification using cDNA from Daudi
(for UNCSA and B) or HT29 (for UNCS5C) cells as described in
the Supporting Text, which is published as supporting informa-
tion on the PNAS web site, www.pnas.org.

Gene Expression in Tumors. UNC5H gene expression in tumor/
normal tissues was monitored by using the Cancer Profiling
Array (CLONTECH) following the manufacturer’s suggested
procedure. UNCS5H probes were prepared by using a Megaprime
DNA Labeling System (Amersham Pharmacia) and the full-
length UNC5H2 cDNA or the UNC5A-UNC5B-UNCS5C-
specific cDNA (see above) as template. As a control for the
samples loading in the array, the ubiquitin probe was also used.

Analysis of UNC5H Loci. Genomic DNA (50 ng) from matched
tumor and corresponding normal tissue was amplified by PCR
and analyzed as described (23) by using fluorescently labeled
primers for the indicated polymorphic microsatellite markers on
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Fig. 2. UNC5H gene expression is frequently down-regulated in cancer cell
lines. UNC5H, UNC5A, UNC5B, and UNC5C expression analysis on a dot blot
membrane containing cDNAs from nine cancer cell lines. The left spot was
loaded with ¢cDNA from normal colon mucosa. Complete rat UNC5H2 cDNA
(UNC5H) or a specific probe for UNC5A, UNC5B, or UNC5C (see Methods) was
used to probe the membrane. The ubiquitin probe was also used as a positive
control for loading.

chromosomes 5q35, 10921, or 4q21-23 for, respectively, UNC5A4,
UNCS5B, or UNC5C locus.

Mutation Analysis in UNC5C Gene. Genomic DNA (50 ng) from 30
colorectal tumors was amplified by PCR using the primers
described in the Supporting Text. PCR products were then
sequenced on a Megabace 1000 DNA Analysis System (Molec-
ular Dynamics and Amersham Pharmacia) sequencer by using
forward and reverse primers.

In Situ Hybridization. Sense and antisense digoxigenin-labeled
RNA probes for UNC5C were prepared by in vitro transcription.
In situ hybridization was performed as described (3).

Soft Agar and Matrigel Invasion Assays. The classical soft agar assay
was adapted for transient transfection as described in ref. 24 and
the Supporting Text. Biocoat Matrigel invasion chambers (Bec-
ton Dickinson) were used to assess the invasiveness of LS174T,
U373MG, or Ras-transfected NIH 3T3 cells as described (25).

Results

Human UNC5A, UNC5B, or UNC5C Expression Is Lost/Reduced in
Multiple Cancers. We first surveyed several human tumor types for
loss of UNCSH expression. Based on the analysis of 241 tumors and
their corresponding normal tissues from a dot blot array by using a
full-length ¢cDNA probe that recognizes UNC54, UNCS5B, and
UNC5C mRNA, we observed that UNC5H expression was strongly
down-regulated in the majority of the tested tumors (Fig. 1A4)
whereas such down-regulation was not detected with the ubiquitin
control probe (see Fig. 8). Whereas no significant change of
UNCS5H expression was associated with thyroid or prostate tumors,
a reduction of expression by a factor of 2 or more was observed in
88% of ovary tumors, 49% of breast tumors, 48% of uterus tumors,
93% of colorectal tumors, 68% of stomach tumors, 74% of lung
tumors, and 81% of kidney tumors (Fig. 1B). Along the same line,
we failed to detect UNC5H expression in eight of nine cancer cell
lines (Fig. 2). These first set of experiments suggested that the global
expression of the three UNC5H members was down-regulated. We
next analyzed whether the three UNC5H genes were individually
shut down with a specific emphasis for colorectal tumors in which
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Fig. 3. Down-regulation of UNC5C gene expression in colorectal cancer. (A)
UNC5C expression analysis on a dot blot membrane containing cDNAs from 34
colorectal tumors (T) or their corresponding normal tissues (N). Specific UNC5C
probe or the control ubiquitin probe was used for hybridization. (B) In situ
hybridization was performed on sections from the colorectal mucosa of a patient
with a colon adenocarcinoma by using a UNC5C probe in sense or antisense
orientation. Villi from the tumor and the adjacent healthy tissue are shown. (Left)
Normal mucosa. (Right) Adenocarcinoma. (Upper) With the antisense probe (as).
(Lower) With the control sense probe (s). (Scale bar: 100 um.)

the decrease of expression was the more drastic (i.e., >49% of
cancer of the colon and 80% of cancer of the rectum showed at least
a 5-fold decrease in UNCS5H expression). Using dot blot arrays with
specific probes for UNC54, UNC5B, or UNC5C mRNA, we ob-
served that UNC5A4, UNC5B, and UNCS5C expression was affected
in 48%, 27%, and 77% of the tested colorectal tumors, respectively
(not shown and Fig. 34). Studying further UNC5C expression that
appeared strongly reduced in colorectal tumors, we performed in
situ hybridization in either normal colorectal tissue or well-
differentiated adenocarcinoma. In normal tissue, the staining of
UNC5C mRNA was restricted to surface and crypt epithelial cells
and was observed mainly in a supranuclear position. Interestingly,
consistent with the dot blot array analysis, the expression of UNC5H
was reduced in neoplastic epithelial cells (Fig. 3B).

Human UNC5A, UNC5B, and UNC5C Loci Are Subjected to LOH in
Colorectal Cancers. Searching for the mechanisms that may explain
such down-regulation, we analyzed whether the three human
UNCS5H genes may be subjected to LOH. In a panel of 31 colorectal
tumors versus corresponding normal tissue, we performed allelic
loss analysis by PCR amplification of polymorphic microsatellite
markers that neighbor UNC54, UNC5B, or UNC5C locus. Fig. 4
shows that an important allelic loss was observed within the
UNC5A4, UNCSB, or UNC5C locus (Fig. 4 A and B). UNC5A and
UNC5C genes, whose expression was more frequently reduced,
were found to display 52% and 39% of LOH, respectively, whereas
26% of LOH occurred within the UNC5B locus.

UNC5H Expression Is Also Probably Modulated by Epigenetic Mecha-
nisms. We next checked whether epigenetic processes like DNA
methylation may also account for the reduction/loss of UNC5SH
expression. The possible role of promoter methylation was then
assessed in different colorectal cell lines. Fig. 4C shows that a
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Fig.4. Down-regulation of UNC5H gene expression is associated with allelic

loss in UNC5H loci. (A and B) UNC5H allelic loss in colorectal tumors. (A)
Fluorescent electropherograms for microsatellite marker D551851 on chro-
mosome 5g35.2. The normal (Upper) and tumor (Lower) counterparts of case
14 are shown. a.u., arbitrary units. (B) Summary of LOH analysis for 31
normal/tumor pairs in either UNC5A, UNC5B, or UNC5C locus, showing non-
informative (homozygous) markers (white squares), retained markers (shaded
squares), and markers with LOH (black squares). Each vertical line indicates a
single patient and cases having LOH at one of the UNC5H flanking markers are
indicated by *. (C) Effect of trichostatin A and 5aza2dC on UNC5H expression.
Northern blot from 5aza2dC-treated (5 uM, 72 h), trichostatin A (TSA)-treated
(50 nM, 12 h), or nocodazole (Nocod)-treated (50 ng/ml, 24 h) HT29 cells with
an UNC5H2 probe. 28S and 18S RNA are shown as controls for RNA loading.

treatment with methylation inhibitor 5-aza-2’-deoxycytidine
(5aza2dC) (26) only led to a modest increase of UNC5H expression
in HT-29 cells, hence suggesting that promoter methylation may
slightly affect UNC5H expression. Putative CpG islets can be found
in both UNC5A4, UNC5B, or UNC5C promoter but the in vivo
methylation of these islets has yet to be determined. Interestingly,
if S5aza2dC had only a slight effect on UNC5H expression, treatment
with trichostatin A, a specific inhibitor of the histone deacetylases
that are known to interact with methylated CpGs and to participate
to stable transcriptional repression (27), led to a robust increase of
UNCSH expression (Fig. 4C). Taken together, these data suggest
that histone deacetylase activity mediates part of the transcriptional
repression of UNC5H genes even though ongoing work would have
to determine whether this regulation is specific for tumors. Inter-
estingly, UNC5B promoter has been recently presented as a direct
target of p53 (20), the prototype tumor suppressor and transcription
factor whose expression is regulated by histone deacetylase (28). In
that sense, as also described by Tanikawa et al. (20), we observed
that p53 overexpression led to an increased level of UNC5B (not
shown and see Fig. 64 Inset). Thus, the loss of p53 activity in
numerous tumors might also account for part of the loss/reduction
of UNC5H expression. Taken together, these results suggest that
UNCS5H expression may be down-regulated in tumors by at least
three mechanisms including allelic loss, promoter silencing, and the
absence of p53-dependent transactivation.

Human UNC5C Gene Is Subjected to Mutations in Patients with
Colorectal Cancer. The loss/reduction of UNC5H expression sug-
gested that UNC5H genes might be putative tumor suppressors.
Very often, such tumor suppressors are subjected to mutation in
cancers. We then analyzed whether UNC5H genes were targets for
mutations. We focused our study on UNC5C because it appears to
be strongly affected in colorectal cancer. We then performed in a
panel of 30 colorectal tumors PCR amplification and sequencing of
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the 13 accessible exons covering the complete coding sequence of
UNCS5C except from amino-acids 200-370 whose genomic region is
not available. In 40% of samples analyzed, we failed to amplify at
least one of the exons, hence strongly suggesting homozygous
deletions in UNC5C gene in these tumors. However, we cannot
completely exclude a repeated PCR amplification problem, even
though this problem would not be related to (i) the quality of the
genomic DNA (because other exons from the same genomic DNA
were perfectly amplified) and (if) the quality of the primers
(because genomic DNA from other tumors were easily PCR-
amplified with the same primers). More importantly, three differ-
ent mutations were found in five tumors. All mutations were
missense mutations. The first mutation converted a proline (amino
acid 57) into a tyrosine. The second mutation converted an alanine
(amino acid 628) into a glutamic acid. The third mutation, found in
three different tumors, converted an alanine (amino acid 841) into
a tyrosine. If the impact of the different mutations in UNC5C
activity is to be evaluated, it is interesting to note that the A628E
mutation is present in the ZUS5 domain of UNC5C and that the
frequent (i.e., 10% of the tumors tested) A841Y mutation occurs in
the death domain of UNC5C, a domain that was shown to be crucial
for UNC5H proapoptotic activity (17). The three mutations de-
tected were not, however, observed only in the tumor but also in the
adjacent normal tissue. This finding would argue that the mutations
detected are probably not the targeted mechanism for inactivating
UNCS5H in cancer. However, these mutations may result in a
loss/reduction of UNC5H activity that taken together with the
decreased UNC5H expression described above can act as a selective
advantage for tumor development.

UNC5H Expression Inhibits the Hallmarks of Cell Transformation. The
very frequent loss/reduction of UNC5H expression in the majority
of the tested tumors suggest that the presence of UNC5H is a
negative constraint for tumor development. We then analyzed
whether UNC5H might actually inhibit in vitro the classical hall-
marks of malignant transformation that are the anchorage-
independent growth and the ability to invade (25). Colorectal
LS174T, Ras-transformed NIH 3T3, or large T-transformed 293
cells were then transiently transfected with UNCSH-expressing
constructs and allowed to grow in soft agar or invade through a
reconstituted 3D basement membrane gel (Matrigel). Expression
of one of the three UNC5H receptors in both cell lines (Fig. 54 and
data not shown) was sufficient to drastically inhibit growth in soft
agar and invasion in Matrigel (Fig. 5 and not shown). Interestingly,
when netrin-1 was added, both growth in soft agar and invasion
were restored (Fig. 5 and not shown). To further investigate the role
of UNC5H/netrin-1 in the regulation of these malignant properties,
we sought to determine whether endogenous UNCSH, as opposed
to ectopically expressed UNC5H, might also regulate anchorage-
independent growth and invasive ability. We took advantage of the
recent observation that pS3 transactivates the UNC5B gene (20).
Thus, colorectal LS174T or glioblastoma U373MG cells were
transfected with p53 and analyzed for growth in soft agar and
invasion in Matrigel. As described, pS3 expression led to enhanced
UNCSB expression in these cell lines (ref. 20 and Fig. 64 Inset). In
these conditions, we detected a reduction of growth in soft agar
(Fig. 64) and a reduction of invasion in Matrigel (Fig. 6B).
Remarkably, netrin-1 addition was sufficient to block this reduction
(Fig. 6), hence demonstrating that, in these experimental condi-
tions, pS3-induced inhibition of these hallmarks of cell transforma-
tion is mediated via UNCS5B (Fig. 6). Moreover, these data support
the fact that the endogenous expression of UNC5B, provoked by
p53, is sufficient to inhibit in vitro cell transformation. Along the
same line, when the p53 transactivity was inhibited in MCF7 cells
by MDM2 overexpression, an increase of growth in soft agar was
observed, such an increase being inhibited by UNCS5H expression
(Fig. 6). Taken together, these data support the role of the pair
netrin-1/UNCS5H as regulators of cell transformation.
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Fig. 5. UNC5H expression suppresses anchorage-independent growth and

invasion in vitro. (A) UNC5H3 expression in transfected 293T cells. 293T cells
were transiently transfected with either a mock plasmid or UNC5H3-
expressing construct in the presence or absence of netrin-1. UNC5H3 expres-
sion was monitored by Western blot using an anti-Flag M2 antibody. (Band C)
UNCS5H expression inhibits growth in soft agar assays. 293T cells were tran-
siently transfected with UNC5H1, UNC5H2, UNC5H3, or netrin-1 expressing
constructs (17). Cells were allowed to grow for 10.5 days in soft agar. (B) A set
of representative plates is shown. (C) The colonies number was determined as
the number of isolated clones with a diameter >100 um. (D) UNC5H expres-
sion inhibits Ras-dependent cell invasion in vitro. NIH 3T3 cells transfected
with Ras, UNC5H1, UNC5H2, UNC5H3, and/or netrin-1 were cultured in Ma-
trigel chambers for 2 days. The filters were fixed and stained by using the
Diff-Quick procedure (Dade Behring, Dudingen, Switzerland). The percentage
of invasion was obtained from the ratio between the number of cells in the
coated inserts to the number of cells in the uncoated inserts. Standard devi-
ations are indicated (n = 3).

UNC5H Expression Inhibits the Hallmarks of Cell Transformation by
Regulating Apoptosis. We finally analyzed whether the regulation
of apoptosis by the pair netrin-1/UNC5H may be involved in the
inhibition of anchorage-independent growth and invasive ability.
We observed that a treatment with the general and potent
caspase inhibitor zZVAD-fmk completely suppress both UNC5H
proapoptotic activity (17) and the UNC5H-mediated inhibition
of anchorage-independent growth or invasion (Fig. 7 and not
shown). Moreover, we described that UNC5H-mediated apo-
ptosis requires the presence of the UNC5H death domain (17).
Interestingly a mutant form of UNC5H2 deleted of its death
domain was not able to suppress the hallmarks of malignant
transformation (Fig. 7). Moreover, expression of UNC5H2
induced a marked increase of trypan blue staining in nascent soft
agar cell colonies (Fig. 7C), strongly suggesting that the trans-
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Fig. 6. p53-mediated suppression of anchorage-independent growth and invasion in vitro is inhibited by netrin-1. (A) LS174T, U373MG, or MCF7 cells were
transfected with p53-, UNC5H2-, netrin-1-, or MDM2-expressing construct as indicated and were assessed for growth in soft agar. (Inset) Using U373MG cells
transfected as above, UNC5B expression was then assessed by Western blot using the UNC5B antibody described in ref. 20. (B) Similar experiment as in A but
U373MG or LS174T cells were assessed for invasion ability in Matrigel chambers for 2 days. As in Fig. 5, the filters were fixed and stained by using the Diff-Quick

procedure (Dade Behring). Standard deviations are indicated (n = 3).

formation-suppressing properties of UNC5H are related to the
proapoptotic activity of UNC5H.

Discussion

Here we present evidence that UNCSH receptors, initially
described as receptors involved in axon guidance, are expressed
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Fig. 7. UNC5H expression suppresses anchorage-independent growth and
invasion in vitro by inducing apoptosis. (A) 293T cells were transfected with a
mock plasmid or expressing constructs for UNC5H2 full-length or UNC5H2
deleted for its death domain (UNC5H2-6DD) and were assessed for growth in
soft agar as in Fig. 5. To assay the role of apoptosis in the blockade of
anchorage-independent growth by full-length UNC5H2, 20 uM zVAD-fmk
was added repeatedly. (B) Similar experiment as in A but LS174T cells were
assessed for invasion ability in Matrigel chambers for 2 days. As in Fig. 5
the filters were fixed and stained by using the Diff-Quick procedure (Dade
Behring). Standard deviations are indicated (n = 3). (C) UNC5H2 induces cell
death. Similar experiment as in A was performed except after 48 h of growth
in soft agar, cells were stained with trypan blue and numerated as described
(11). The percentage of cell death was obtained as ratio between the number
of trypan blue-positive cells and the total number of cells. Standard deviations
are indicated (n = 3).
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in other tissues than the nervous system in which they may act
as negative regulators of tumor growth probably by inducing cell
apoptosis. Interestingly, the majority of the tumors examined
and >90% of colorectal tumors show a loss/reduction of the
expression of UNCSH. This reduction is associated with allelic
loss in the UNC5A, UNCS5B, or UNC5C gene in colorectal cancer.
Interestingly, deletions of the chromosome regions where the
UNC5A4, UNCS5B, or UNC5C locus have been mapped (5q35,
10q21-22, and 4q21-23, respectively) have been associated with
various cancers (29-31). Further study will have to analyze
whether the reduction of UNCS5H expression in other types of
cancer is also associated with LOH. In colorectal cancer, LOH
frequency in each UNC5H gene correlates with the frequency of
reduction/loss of expression, even though it is not known
whether the loss of one allele is sufficient to explain the
loss/reduction of expression. Along this line, the fact that >80%
of rectal tumors and 49% of colon tumors show a very important
reduction of UNC5H expression (i.e., >5-fold) cannot be ex-
plained only with the LOH frequency (52%, 26%, and 39% for
the UNC5A4, UNCS5B, or UNC5C locus, respectively). This find-
ing would argue for an alternative mechanism for the observed
reduction of UNC5H expression. We propose that at least two
other mechanisms can regulate UNC5H expression. The first
mechanism may be related to epigenetic processes because we
observed that in colorectal cancer cell lines, UNC5H expression
is regulated by histone deacetylase activity. However we do not
know yet whether this activity on UNC5H genes occurs specif-
ically in tumors and not in normal tissues and whether this
activity affects directly UNC5H promoters or affects other genes
that in turn regulate UNCS5H. Interestingly, p53 activity was
shown to be modulated by histone deacetylase activity. The
second mechanism may then be promoter regulation by the
tumor suppressor pS3 because Arakawa and colleagues (20) have
demonstrated that UNC5B is a direct transcriptional target of
p53 (20). The loss of p53 activity in multiple cancers may then
account for the loss/reduction of UNC5H expression.
Interestingly, we detected mutations in the UNC5C gene.
Further work will have to determine whether UNC5A4 and
UNCS5B are also subjected to mutation and whether the identi-
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fied mutations affect UNC5C activity. However, it is interesting
to note that three patients harbored a mutation in the death
domain of UNCS5C, a domain involved in the proapoptotic
activity of UNCSH proteins. Such activity was shown here to be
crucial for the UNC5H-mediated suppression of the hallmarks of
cell transformation. Hence, it is tempting to speculate that
inhibition of UNCSH expression and/or inhibition of UNC5H
proapoptotic activity would lead to a selective advantage for
tumor development. In any case, in view of the frequency of
tumors with a reduced UNCS5H expression or with mutations in
UNC5C compared with the known frequency of mutation/loss
of Apc, p53, and Ras in colorectal cancer, UNC5H genes may turn
out to be very important tumor suppressors.

The observation that UNC5H expression is lost/reduced in
multiple cancers suggests that a selective process to permit the
development of tumors is the inhibition of these receptors expres-
sion. It is then interesting to correlate these results with the fact that
DCC, another receptor inducing apoptosis in the absence of
netrin-1 (11, 12, 16), is lost in numerous tumors, including >50%
of colorectal tumors (6-8). DCC was initially presented as a
putative tumor suppressor because the DCC gene is present in the
minimal region of allelic loss in chromosome 18q in two-thirds of
colorectal tumors (6-9). However, despite a series of interesting
follow-up reports that have supported its tumor suppressor activity,
the rarity of point mutations identified in DCC coding sequences,
the lack of a tumor predisposition phenotype in DCC hemizygous
mice, and the presence in 18q of other candidate tumor suppressor
genes have raised questions about DCC’s role as a tumor suppressor
(ref. 8; P.M. and E. R. Fearon, unpublished work). One of the
arguments that supported the tumor suppressor activity of DCC
was the observation that DCC induces apoptosis in settings in which
netrin-1 is absent (11). The regulation of cell death by the pair
DCC/netrin-1 may then represent a key mechanism for controlling
tumor development. An hypothesis would be that tumor cells that
express DCC would be committed to die as soon as netrin-1 reaches
a limited concentration (i.e., after tumor cell proliferation) or as
soon as netrin-1 is no more available as would be the case for
metastatic cancers.

Ju—

. Serafini, T., Kennedy, T. E., Galko, M. J., Mirzayan, C., Jessell, T. M. &

Tessier-Lavigne, M. (1994) Cell 78, 409-424.

2. Serafini, T., Colamarino, S. A., Leonardo, E. D., Wang, H., Beddington, R.,
Skarnes, W. C. & Tessier-Lavigne, M. (1996) Cell 87, 1001-1014.

3. Forcet, C., Stein, E., Pays, L., Corset, V., Llambi, F., Tessier-Lavigne, M. &
Mehlen, P. (2002) Nature 417, 443-447.

4. Keino-Masu, K., Masu, M., Hinck, L., Leonardo, E. D., Chan, S. S., Culotti,
J. G. & Tessier-Lavigne, M. (1996) Cell 87, 175-185.

5. Fazeli, A., Dickinson, S. L., Hermiston, M. L., Tighe, R. V., Steen, R. G., Small,
C. G., Stoeckli, E. T., Keino-Masu, K., Masu, M., Rayburn, H., et al. (1997)
Nature 386, 796—804.

6. Fearon, E. R., Cho, K. R., Nigro, J. M., Kern, S. E., Simons, J. W., Ruppert,
J. M., Hamilton, S. R., Preisinger, A. C., Thomas, G., Kinzler, K. W, et al.
(1990) Science 247, 49-56.

7. Cho, K. R. & Fearon, E. R. (1995). Eur. J. Cancer 31, 1055-1060.

8. Fearon, E. R. (1996) Biochem. Biophys. Acta 1288, M17-M23.

9. Thiagalingam, S., Lengauer, C., Leach, F. S., Schutte, M., Hahn, S. A,
Overhauser, J., Willson, J. K., Markowitz, S., Hamilton, S. R., Kern, S. E., et
al. (1996) Nat. Genet. 13, 343-346.

10. Hilgers, W., Song, J. J., Haye, M., Hruban, R. R., Kern, S. E. & Fearon, E. R.
(2000) Genes Chromosomes Cancer 27, 353-357.

11. Mehlen, P., Rabizadeh, S., Snipas, S. J., Assa-Munt, N., Salvesen, G. S. &
Bredesen, D. E. (1998) Nature 395, 801-804.

12. Liu, J., Yao, F., Wu, R., Morgan, M., Thorburn, A., Finley, R. L., Jr. & Chen,
Y. Q. (2002). J. Biol. Chem. 2717, 26281-26285.

13. Rabizadeh, S., Oh, J., Zhong, L. T., Yang, J., Bitler, C. M., Butcher, L. L. &
Bredesen, D. E. (1993) Science 261, 345-348.

14. Bredesen, D. E., Ye, X., Tasinato, A., Sperandio, S., Wang, J. J., Assa-Munt,
N. & Rabizadeh, S. (1998) Cell Death Differ. 5, 365-371.

15. Chen, Y. Q., Hsieh, J. T, Yao, F., Fang, B., Pong, R. C., Cipriano, S. C. &
Krepulat, F. (1999) Oncogene 18, 2747-2754.

16. Forcet, C., Ye, X., Granger, L., Corset, V., Shin, H., Bredesen, D. E. & Mehlen,

P. (2001) Proc. Natl. Acad. Sci. USA 98, 3416-3421.

4178 | www.pnas.org/cgi/doi/10.1073/pnas.0738063100

Netrin-1 may then appear not only as a guidance molecule but
also as a survival factor that controls cell fate. Interestingly, in the
small intestine, netrin-1 mRNA is detected at the base of the crypt
but is no more observed at the villus tip (L.M., C. Bidaud-Bonot,
J.-Y.S., and P.M., unpublished work). This restricted expression
may then support the role of netrin-1 as a survival molecule whose
presence gradually decreases whereas epithelial cells age and move
toward the villus tip where they are known to be shed in the
intestinal lumen and die (32, 33). Such loss of the netrin-1 receptors
like DCC or, as we show here, UNC5H may then affect the naturally
occurring cell death induction and may then become a selective
advantage for tumorigenesis. This restricted expression of netrin-1
also supports the overall idea of the proapoptotic activity of these
receptors being switched off in normal UNCSH/DCC-expressing
cells located in an adequate environment whereas it would be
switched on when abnormal UNCSH/DCC-expressing cells grow
in inadequate settings in which netrin-1 is unavailable (e.g., during
metastasis). Further work will have to determine whether modu-
lation of netrin-1 level in vivo affects tumor development.

Interestingly, one of the UNCSH receptors, UNC5B, is a
direct transcriptional target for the tumor suppressor p53 (20).
Moreover, Tanikawa et al. (20) have elegantly suggested that, in
various cell lines, p53-induced apoptosis is mediated via expres-
sion of UNCS5B and can be antagonized by netrin-1 addition.
Here, we propose that the p53-mediated suppression of the
classical hallmarks of malignant transformation such as anchor-
age-independent growth or invasive ability can also be inhibited
by the presence of netrin-1. Taken together, these data suggest
that the balance between netrin-1 and UNCSH expression may
be a crucial parameter for controlling tumor development.
Whether netrin-1 represents an interesting target for cancer
therapy is now an intriguing question.
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